Radar rainfall estimates are widely used for real-time flood forecasting. An effective and accurate early warning system, with the assistance of radar rainfall estimates and hydrological modelling, is vital for reducing the effects of flood related-hazards. Detailed spatial and temporal data on the distribution of rainfall over a wide range area can be provided by weather radar. However, rainfall data captured at a single point location remains inaccurate. The combination of two datasets, radar and ground gauges, therefore constitutes the optimal method to estimate rainfall in a river basin.
INTRODUCTION
Rainfall measurements are essential for the application of hydrological models. Ground gauges and weather radar are widely used for acquiring near-real time estimates of rainfall accumulation 1) . Hydrological models rely on rain gauges to accurately record catchment rainfall. Rain gauges can provide direct rainfall estimates at a point location, but are not able to provide detailed spatial information regarding rainfall 2) . Rainfall distribution from rain gauges is normally estimated by speculating a spatial geometry, such as a Thiessen polygon, inverse distance squared weighting, or a kriging technique. However, these estimations do not accurately reflect how rain actually falls 3) .
There are alternatives to making conventional rainfall observations with ground gauges. In particular, weather radar can produce quantitative precipitation information, with higher spatial (a few km) and temporal (hourly) resolution compared to traditional ground gauges 4) . The ability of radar rainfall data to provide spatial information overcomes any shortage in ground gauge data. While weather radar cannot accurately capture rainfall amounts at a given location, a rain gauge is ideally suited to this purpose. Hence, combining both radar and ground gauge data could enable accurate estimation of rainfall 5) . The Japan Meteorological Agency (JMA) has introduced a precipitation nowcasting system called the Radar-AMeDAS network, generated from the radar rainfall and adjusted using a high-density gauge network from the Automated Meteorological Data Acquisition System (AMeDAS). Radar echo intensity data are spatially particularized over a wide area. Calibration considering echo intensities of radar is managed to suit surface observation data on a range area as quantitative precipitation estimation.
Numerous methods have been proposed to merge and adjust rain gauge and radar measurements to acquire more appropriate rainfall accumulation data, including co-kriging 6)7) , statical objective analysis 8) , and Kalman filtering 9) . However, some of these techniques are extremely time consuming. Goudenhoofdt and Dellobe (2009) 10) examined various methods of combining radar and rain gauge data, including mean field bias correction, range-dependent adjustment, statical local bias correction and range-dependent adjustment, Brandes spatial adjustment, ordinary kriging, kriging with radar-based error correction and kriging with external drift. They concluded that the application of kriging interpolation produced the best result. Therefore, in this study, radar and rain gauge data were combined by kriging with radar-based error correction.
This study evaluated rainfall using the conditional merging (CM) method in the Jinzu River Basin. In addition, the applicability of rainfall data to regional flood forecasting following CM was also examined. For this purpose, a grid-based distributed hydrology model was established and calibrated as the conceptual modelling tool, and several cases were evaluated from 2011 -2014.
STUDY AREA
The Jinzu River Basin (Fig. 1) , located approximately at the center of the Sea of Japan and Toyama Prefecture, was selected as the target area of this study. The total area of Jinzu River Basin is approximately 2,720 km 2 , and the elevation ranges from 200 to 2,000 m. The basin borders the Sho River Basin to the east and the Joganji River Basin to the west. The main stream of the Jinzu River, which is the longest river in Toyama Prefecture, stretches for 120 km, and flows from Mount Kaore in Gifu Prefecture to Toyama Bay and the Sea of Japan on the north side. The upper river basin is mostly occupied by natural forest and some parts are herbaceous with sparse vegetation, while residential areas, paddy field, and cropland stretch from the foot of the mountains to the river mouth.
The Jinzu River basin was the subject of this study due to its economic significance and history of flood events in recent decades. Furthermore, Toyama's administrative center, and a large urban area, are located along the Jinzu River. Thus, it is necessary to establish an adequate flood forecasting system for this area.
DATA AND METHODOLOGY (1) Rain gauge data
Hourly rainfall data were available from 29 ground gauges, which were installed and operated by the Ministry of Land, Infrastructure, Transportation, and Tourism (MLIT) of Japan, as shown by the green I_252 circles in Fig. 2 . The data is freely available and can be conveniently downloaded from the MILT water information system 11) .
(2) Hydrology station The MLIT has two measurement discharge stations (Jinzuohashi and Osawanoohashi), which are indicated by the red circles in Fig. 2 . These hydrology stations provide information such as hourly water level and observed discharge for the Jinzu River, for use as watershed management and disaster prevention tools.
(3) Radar rainfall data
The radar observation system in Japan is managed by the JMA and MLIT. The JMA radar network consists of 20 C-band radars that monitor the rainfall amount and distribution over most of Japan. The characteristics of C-band radar are given in Table 1 . The MLIT has developed a new radar observation network, the X-band multi-parameter radar network, specifically for flash flood observations. Since the first network was announced in 2009, the MLIT has organized a further 37 X-band MP radar networks 12) . Unfortunately, due to its limited observation range, the X-band MP radar network is unable to cover all of the Jinzu River Basin. Therefore, only the C-band radar network was used in this study.
(4) Method for combining radar and rain gauge data
The method for combining radar and rain gauge data was referred to as "conditional merging" by Sinclair and Pegram (2015) 13) . The CM method was devised by Ehret (2002) 14) and Pegram (2002) 15) . The method adopts the radar field to determine and correct the error associated with ordinary kriging based on rain gauge data. The CM process is described in Fig. 3 . a) The rainfall field was observed at discrete points by rain gauges. b) The precipitation data from the rain gauges were kriged at the radar grid resolution to obtain the best linear unbiased estimate of rainfall.
c) The rainfall field was also observed by radar on a regular, volume-integrated grid. d) The radar pixel values at the rain gauge locations were interpolated onto the radar grid using Kriging. e) At each grid point, the deviation C between the observed and interpolated radar value was computed. f) The field of deviations obtained from e) was applied to the interpolated rainfall field obtained from Kriging the rain gauge observations. g) A rainfall field was obtained that followed the mean field of the rain gauge interpolation, while preserving the mean field deviations and the spatial structure of the radar field.
The error structure of the merged estimate was assessed using these formulas: Cover area 120 km radius 6
Wave lenght 5-6 cm Fig. 3 The conditional merging (CM) process (bottom: imagine of hourly radar rainfall) 13) .
where Z(s) is the true rainfall field at location s, Gk(s) is the kriged (mean field) estimate of Z(s) from the rain gauge data, R(s) is the radar rainfall estimate, Rk(s) is the kriged (mean field) estimate of R(s) using the radar values at rain gauge locations, and M(s) is the merged estimate of Z(s).
The term εg(s) in equation (1a) is unknown because Z(s) is unknown. In equation (1b), εr(s) is known and, on the basis that R(s) is a measurement of Z(s), Equation (1c) can be used to estimate Z(s). Equation (1d) shows that the expected value of the error between the merged estimate and the true field is zero if the fields are Gaussian, because the kriged estimates are unbiased in this case. The variance of the error estimate given by equation (1e) can be decomposed, as shown in equation (1f). The variance of the error is (trivially) zero at the gauged points, while at any other position in the field, it is bounded by a maximum value of β. The positive correlations ρ between εg(s) and εr(s) are strongly (positively) correlated, as expected, because both gauges and radar are measurements of Z(s). The variance of the error will thus be significantly less than β, as suggested by equation (1g).
(5) Distributed hydrological model
The International Center for Water Hazard and Risk Management (ICHARM), under the auspices of the United Nations Educational, Scientific and Cultural Organization (UNESCO), has developed an Integrated Flood Analysis System (IFAS) as a toolkit for more effective and efficient flood forecasting. IFAS can use either ground gauge or radar and satellite-based rainfall, as well as geographic information system (GIS) functions to create river channel network. In brief, IFAS incorporates the following features: an additional geospatial data import function, automatic downloading of satellite data, function for importing and calculating rainfall data, and a function for exporting rainfall distribution and river discharge data as a Google Earth-based presentation. In addition, IFAS has been used to provide information on insufficiently gauged river basin 17) 18) .
IFAS operates the Public Works Research Institute Distributed Hydrologycal Model (PDHM) as its runoff simulation model. The PDHM model accommodates the configuration of two tanks (surface and underground) in the vertical direction and a third tank in the form or the river channel. An outline of the IFAS model and its conceptual structure are shown in Figs. 4 and 5 , respectively. Where, Sf2, Sf1, Sf0 are the respective heights at surface, intermediate, ground infiltration flow occurs, Sg is the height at which unconfined groundwater occurs, h is the storage height for the model, L is mesh length, N is Manning's roughness coefficient, B is the breadth of river channel, and αn, f0, Au, Ag is coefficients.
HYDROLOGY EVALUATION
The validation process was conducted by comparing rainfall from the ground gauge measurements, radar observations, and CM method by considering the bias, correlation coefficients (CCs), and root mean square error (RMSE). 
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The performance of IFAS model was evaluated using three error indicators, the wave shape error (Ew), volume error (Ev), and peak discharge error (Ep), which are defined by the Japan Institute of Construction Engineering (JICE). A Smaller error gives a better model. The error formula is given below.
where, n is the number of calculations, Qo(i) is the observed discharge at time i, Qc(i) is the calculated discharge at time i, QPo is the maximum observed discharge, QPc is the maximum calculated discharge.
RESULTS AND DISCUSSION (1) Rainfall comparison
During several representative periods from 2011 to 2014, rainfall data from weather radar and the CM method were compared with ground gauge data at the locations of individual gauges. Table 2 shows the results of a statistical assessment of the point-scale gauge data, and indicates contrasts in the data throughout the study period. The CCs for the relationship between radar and ground gauge data ranged from 0.339 to 0.814. In general, the results indicate that the use of radar data produced a huge bias in the estimation of rainfall in terms of point-scale observations. When applying the merging technique, the 
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CC values were greater than 0.85, which indicated a strong relationship with ground gauge data. In all cases, there was a decrease in the RMSE when using CM rather than just the original radar data. For hourly rainfall and accumulated rainfall, to determine the CCs among ground gauges, original radar, and the CM method at point-scale, we used an example from the period of 22/05/2011-07/06/2011, which is shown in Figs. 6 and 7. In fact, there are 29 ground gauges available, but due to a lack of data for this period, only 14 ground gauges could be used. The location of the ground gauge is shown in Fig. 2 . It was found that the CCs and accumulated rainfall estimate improved when the CM method was applied. The cumulative rainfall comparison estimated by radar and the CM method are shown in Table 3 . It was found that for accumulated rainfall, both radar and CM tended to produce a negative bias (i.e., overestimation of rainfall). However, radar and CM delivered reasonable estimates of accumulated rainfall. For total rainfall, radar estimation had a bias value less than 0.40, whereas CM had a smaller bias of not more than 0.25. The improvement in the visualization of the rainfall data is shown in Fig. 8 . Here, the hourly radar rainfall intensity was improving, although the CM method was used for comparison with the ground rainfall at station number 11 (for details of the location, see Fig. 2 ).
(2) Flood forecasting with IFAS
Two types of rainfall data (original radar and CM method) were used as inputs to IFAS to calculate river discharge in the Jinzu River Basin. The simulated discharge was related to observed discharge at the hydrology station to evaluate the performance of the IFAS model (the Ew, Ev, and Ep) using original radar data and the CM method.
Overall, radar-based simulation yielded reasonable results at both Osawanoohashi and Jinzuohashi stations. More specifically, Fig. 9 shows the simulation at these hydrology stations using rainfall data pairs for the period of 22/05/2011-07/06/2011. Although the IFAS model produced the discharge values that were too high (see Tables 4 and 5 ; Ep: 0.261 at Osawanoohashi station and 0.132 at Jinzuohashi station), the remaining indocators had lower errors, the wave shape error (Ew) was 0.155 and 0.086, and the volume error (Ev) was -0.091 and 0.071, respectively, for Osawanoohashi and Jinzuohashi stations. For CM method-based simulation, in most cases the results were acceptable in comparison to the observed discharge. It can be seen from Fig. 9 that the simulation for the period of 22/05/2011-07/06/2011 was excellent, with an Ep below 5% (see Tables 4 and 5) at both stations. Additional error indexes, i.e., 
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the Ew (0.067; 0.080) and Ev (0.066; 0.182), also produced satisfactory results for the Osawanoohashi and Jinzuohashi stations, respectively. During the simulation period, a few unsatisfactory results were obtained when using the radar-and CM method-based methods, particularly in 2014. A detailed estimate for the period of 13/08/2014-24/08/2014 is given in Fig. 10 . The Ew of the radar-based simulation was large (0.457), whereas the CM method-based simulation was just 0.191. In terms of Ep, the radar-based simulation was superior to the CM method-based simulation at Osawanoohashi station. When the two simulation results were combined, the changes in land use from 2011 to 2014 clearly had an influence. The IFAS model was extremely sensitive with regard to the land use parameter. Unfortunately, due to lack of observation data, error indicators could not be estimated at the Jinzuohashi station for the period of 13/08/2014-4/08/2014. According to the statistical analysis, the CM method-based simulation was sometimes less accurate than the radar analysis. This was due to the fact that the CM rainfall was dependent on the ground rainfall. The number of ground rainfall data points used in the simulation, together with the changes in land use, probably decreased the accuracy. Moreover, the complexity of the discharge pattern, e.g., the number of peaks, also appeared to influence the accuracy of the simulation. The simulation based on the CM method generally matched well with a simple hydrograph (see Fig. 9 ) but found it difficult to imitate a complicated hydrograph, although it was still able to mimic the shape (see Fig. 10 ) depending on the spatial information supplied by radar. This indicates that radar can provide additional valuable information to assist in capturing the spatial design of flood.
The rising period, time, and peak discharge are the most crucial parameters for flood forecasting. The rainfall distribution and intensity significantly affect the peak flow. Simulation with the IFAS used radar and CM-based rainfall, and present an appropriate peak time and the rising part of the peak to calculate the measurement flow. Furthermore, the main peak discharge error differed by less than 30 % between the two hydrology stations, using both radar and CM-based rainfall data from 2011-2012 for the simulation (see Tables 4 and 5 ). However, a large error in the peak flow was observed for 2014, particularly in the CM-based simulation. An example is shown in Fig. 10 , although able to reproduce the first peak, there is significant deviation in the main peak discharge. Tables 4 and 5 give the three error indicators for the simulation using two sets of rainfall input for several periods from 2011 to 2014 at the Osawanoohashi and Jinzuohashi stations. It can be seen that radar-and CM method-based simulations performed well compared with observation data.
CONCLUSIONS
Weather radar rainfall data typically lacks accuracy at the point-scale. It was found that for hourly rainfall, the CCs for the relationship between radar and ground gauged data varied from 0.33 to 0.81. However, radar rainfall data was better able to represent total rainfall in comparison with ground gauge rainfall data, with a bias less than 0.40.
The objective of this study was to apply and evaluate the CM method for radar and rain gauge data, and assess the performance of the different rainfall data in flood forecasting in the Jinzu River Basin. CM was initially used to combine radar and rain gauge data. It was concluded that in comparison to ground gauge data, the merged rainfall data sources were an improvement based on the 24-h rainfall CCs and the reduced RMSE. In addition, accumulated rainfall estimates were improved by the use of CM. The merged rainfall data were used as inputs to a distributed hydrology model (IFAS). By comparing the model outputs with observations at hydrology stations, it was apparent that despite a few unsatisfactory results, especially in 2014, the IFAS model using radar-based and CM method-based simulations frequently produced results that were comparable to measured data.
